Besides food quantity and quality, food timing and frequency may contribute to weight regulation. It is unclear if these factors during pregnancy can influence maternal weight retention 2 of 13 after childbirth. We thus aimed to examine the associations of maternal circadian eating pattern and diet quality in pregnancy with substantial postpartum weight retention (PPWR) at 18 months in an Asian cohort. We assessed circadian eating pattern and diet quality of 687 women using 24-h dietary recalls at 26-28 weeks' gestation. We calculated PPWR by subtracting maternal weight in the first trimester from weight at 18-month postpartum and defined substantial PPWR as ≥5 kg weight retention. Multivariable binary logistic regression was performed. Overall, 16% of women had substantial PPWR. After the confounders adjustment, night eating, defined by greater night-time caloric intake (odds ratio 1.95; 95% confidence interval 1.05, 3.62), and lower diet quality, classified by median score of the Healthy Eating Index (1.91; 1.17, 3.10) , were independently associated with higher odds of substantial PPWR. No associations with substantial PPWR were observed for night fasting duration and number of eating episodes. In conclusion, alignment of eating time with day-night cycles and diet quality during pregnancy may play a role in PPWR, with possible implications for long-term obesity risk.
Introduction
Postpartum weight changes are known to affect women's long-term weight trajectories [1] . Previous studies reported that at least 14-20% of women were >5 kg heavier than their pre-pregnancy weight at 6-18 months postpartum [1, 2] . Retaining more weight after the first year postpartum is associated with a higher body mass index (BMI) at 15 years later [3] . Furthermore, childbearing can increase visceral fat independent of increments in overall body fat [4] . Overweight and obesity due to excess postpartum weight retention (PPWR) have a profound effect not only on future pregnancies, but also on the later health of offspring [5] and lifelong maternal health consequences.
Identifying the dietary predictors of PPWR could direct behavioral intervention efforts for weight management. Randomized controlled trials involving diet interventions for postpartum weight reduction have commonly focused on the amount and type of food consumed [6] . Recent evidence suggests that aligning eating and fasting patterns with day-night cycles, otherwise known as the circadian eating pattern, is important for metabolic health [7] . The circadian gene expression in peripheral cells, especially in the liver, is strongly connected to feeding [8] , nutrition, and metabolism, which are consequently closely linked with circadian rhythms [7] . Disruption to the circadian rhythms due to misalignment between circadian clocks and eating patterns can therefore disturb homeostasis and impact on metabolic dysfunction [7] .
Independent of total daily caloric intake, studies have shown that higher caloric consumption in the evening/night is associated with a higher BMI and adiposity [9] [10] [11] . Conversely, reduced caloric intake at dinner may protect against obesity and metabolic syndrome [12] . Prolonged night fasting duration and increased daily eating episodes were also found to be associated with reduced blood glucose levels [10] and lowered BMI [10, 13] , respectively. These findings highlight the importance of circadian eating patterns in weight and metabolic regulations. At present, it is unclear whether such eating patterns in pregnancy are associated with postpartum weight outcomes and to our knowledge, previously unexplored.
There has been growing interest in studying the overall diet quality of pregnant women using index scores such as the Healthy Eating Index (HEI) [14] , the Dietary Approaches to Stop Hypertension score [15] , the New Nordic diet score [16] , and the Mediterranean diet score [17] . This approach allows examination of the combined influence of diet on an outcome of interest rather than the influence of single dietary component, which is congruent with the recommendations by the 2015 Dietary Guidelines Advisory Committee [18] . In general, these dietary indices capture the degree of adherence to specific dietary guidelines. With regard to maternal health, most studies have applied this method for evaluating pregnancy outcomes [15] [16] [17] . Limited studies have explored the use of dietary index in relation to postpartum weight, with one study showing that a better diet quality in pregnancy, ascertained using the HEI, was associated with less postpartum weight retention [14] .
Therefore, in the present analysis, we used data from a prospective cohort to analyze circadian eating patterns of pregnant women by assessing their predominant eating period (day vs. night eating), duration of night fasting, and eating episodes per day. We also evaluated the diet quality of women based on the adherence to local dietary guidelines for pregnancy, as measured using the HEI for pregnant women in Singapore (HEI-SGP) [19] . All measures were tested for their associations with substantial PPWR at 18 months.
Materials and Methods

Study Design and Participants
Data were drawn from the Growing Up in Singapore towards Healthy Outcomes (GUSTO) study (clinicaltrials.gov, NCT01174875) [20] . This study was conducted according to the Helsinki Declaration. Ethics approval was obtained from the Singapore National Health Care Group Domain Specific Review Board (reference D/09/021) and the SingHealth Centralised Institutional Review Board (reference 2009/280/D).
Pregnant women attending antenatal care (≤14 weeks of gestation) from June 2009 to September 2010 at the KK Women's and Children's Hospital and National University Hospital in Singapore were recruited. These women were aged ≥18 years and had homogeneous parental ethnic groups (Chinese, Malay or Indian). Women who became pregnant again before 18 months postpartum were excluded from this study. Informed written consent was obtained from all women.
Dietary Assessments
Trained clinic staff conducted the 24-h dietary recall using a five-stage, multiple-pass interviewing technique [21] at 26-28 weeks' gestation, a timepoint before administrating the routine oral glucose tolerance test (OGTT) to coincide with the participant's antenatal appointment. Standardized household measuring utensils and food pictures of various portion sizes were provided to assist women in quantifying their food and drink intakes. The time when each meal was consumed was recorded. Total energy intake was assessed using nutrient analysis software (Dietplan, version 7, Forestfield Software, Horsham, UK) containing a local food composition database, with modifications made for inaccuracies found.
In a small subset of participants (n = 121), maternal dietary data, which was assessed using a three-day food diary, was also available. We previously showed that circadian eating patterns and diet quality variables derived from the 24-h recall were valid in comparison with the three-day food diary data [22, 23] . To retain consistency with analysis methods used in our previous publications [23] [24] [25] and to increase statistical power, this study presents results based on the 24-h recall data.
Assessment of Circadian Eating Patterns
Circadian eating patterns were assessed in terms of day-night eating, night fasting duration, and eating episodes per day, as described in previous studies [23, 24] . Briefly, day-and night-time periods were determined by the local time of sunrise and sunset, occurring at~0700 h and~1900 h, respectively, throughout the year in equatorial Singapore (1.352 • N). Women were categorized as (i) day eating if they consumed >50% of total energy intake from 07:00-18:59; or (ii) night eating if they consumed >50% of total energy intake from 19:00-06:59 [24] . Night fasting duration was determined based on the longest fasting interval between the consumption of a calorie-containing food or beverage from 19:00-06:59 [23] . The night fasting duration, between 5 h and 12 h, was categorized into three groups as <9 h, 9-10 h, and 11-12 h [23] . Eating episodes were defined as events that provided ≥210 kJ (~50 kcal), with time intervals between eating episodes of ≥15 min [26] . Eating episodes, between 1 and 10, were categorized into four groups as ≤3, 4, 5, and ≥6 based on its distribution.
Assessment of Diet Quality
Diet quality was ascertained using the HEI-SGP. The development and evaluation process was described previously by Han et al. [22] The HEI-SGP is a dietary index that measures adherence to the Singapore dietary guidelines for pregnant women [19] . It consists of 11 components in total-eight assessing adequacy and quality (total fruit, whole fruit, total vegetables, dark green leafy vegetables, orange vegetables, total rice and alternatives, whole grains, dairy, and total protein foods), two assessing nutrients to be taken in moderation (total fat and saturated fat) and a maternal-specific component measuring adherence to antenatal supplements. The total score ranged from 0 to 90, converted to a scale of 0-100. A higher HEI-SGP score reflects greater adherence to dietary guidelines, suggesting a higher diet quality. In our study, women were classified into two groups (lower and higher diet quality) according to the median score at 53.3.
Postpartum Weight Retention
Self-reported pre-pregnancy weight and measured weight at the first antenatal visit (≤14 week's gestation) were collected. Since maternal measured weight at the first antenatal visit was strongly correlated with reported pre-pregnancy weight (r = 0.96; p < 0.001) and not subject to recall bias, it was used for analysis in this study [27] . Maternal weights at ≤14 weeks' gestation and 18 months postpartum were measured using calibrated electronic weighing scales (Seca, Hamburg, Germany) to the nearest 0.1 kg. PPWR was calculated by subtracting the measured weight at ≤14 weeks' gestation from measured weight at 18 months postpartum [27] . Women were categorized into non-substantial PPWR (<5 kg) and substantial PPWR (≥5 kg) [2] .
Covariates
At recruitment and 26-28 weeks' gestation, trained staff interviewed women on sociodemographic and lifestyle characteristics (e.g., date of birth, ethnicity, education, employment, and number of previous births). Duration and frequency of physical activity were used to derive metabolic equivalent (MET-min/week) scores [28] . Sleep duration and bedtime at night were recorded using the Pittsburgh Sleep Quality Index questionnaire [29] and only administered among a subsample (n = 419). Participants self-administered the Edinburgh Postnatal Depression Scale (EPDS) questionnaire to assess mood [30] . Height was measured using a stadiometer (Seca 213, Hamburg, Germany). Early pregnancy BMI was computed from weight at ≤14 weeks' gestation (kg)/height (m 2 ). Serial measurements of maternal weight throughout pregnancy were retrieved from medical notes to estimate gestational weight gain (GWG). An OGTT was used to diagnose gestational diabetes mellitus (GDM) based on the World Health Organization 1999 criteria [31] . The mode of feeding was obtained at three weeks, three months, and six months postpartum, according to the World Health Organization definition [32] .
Statistical Analysis
Statistical analyses were performed using IBM SPSS statistics, version 19, or Stata-Corp Stata Statistical Software, release 13. Maternal characteristics were compared between non-substantial and substantial PPWR by Fisher's exact test for categorical variables and independent t-test for continuous variables. Day-night eating, night fasting duration (<9 h, 9-10 h, and 11-12 h), eating episodes (≤3, 4, 5, and ≥6), and diet quality (higher and lower) were simultaneously included in a single model to test for associations with substantial PPWR. Day eating, night fasting for <9 h, ≤3 eating episodes, and higher diet quality were used as reference groups. We estimated odds ratio (OR) and 95% confidence intervals (CI) using the multivariable binary logistic regression.
Confounders were determined from literature review [1] [2] [3] and identified using directed acyclic graphs. Multivariable models were adjusted for age (years, continuous), BMI (kg/m 2 , continuous), ethnicity (Chinese, Malay, Indian), education (none/primary/secondary, post-secondary, tertiary), parity (0, ≥1), night shift (no, yes), total early pregnancy BMI score (continuous), and total energy intake (kJ, continuous). We did not include employment status (unemployed, employed) or physical activity (<600, 600 to <3000, ≥3000 MET-min/week) in the analyses, as both of these variables were not associated with eating patterns and PPWR.
We further controlled for variables which may be on the pathways between eating patterns and substantial PPWR to examine for any potential mediating effect. These included bedtime (24-h clock, continuous), GDM (no, yes), GWG (kg/week, continuous), and mode of feeding in the first six months postpartum (breastfeeding, mixed feeding, formula feeding). We controlled for bedtime but not sleep duration, as it was not associated with any eating pattern or with substantial PPWR. GWG was estimated using the best linear unbiased prediction method from linear mixed-effects models [33] . The linear trajectory of GWG per week was computed for each individual between 15 and 35 weeks' gestation [27] . We checked for multicollinearity of all independent variables in the models by screening the correlation coefficients and variance inflation factor (VIF) values. All were below +/−0.40 (Supplementary Materials Table S1) and below 2.0, respectively.
Based on the results obtained from the main analysis, we presented the findings focusing on the additive effects of two eating patterns (day-night eating and diet quality) on substantial PPWR. Women were classified into four groups, which were mutually exclusive: (i) Day eating and higher diet quality (n = 312); (ii) day eating and lower diet quality (n = 284); (iii) night eating and higher diet quality (n = 32); and (iv) night eating and lower diet quality (n = 59). Day eating and higher diet quality served as the reference group.
Missing values for maternal education (n = 8), physical activity (n = 5), BMI (n = 6), GWG (n = 1), total EPDS score (n = 17), sleep duration (n = 268), bedtime (n = 269), GDM (n = 23), and mode of feeding (n = 13) were imputed 40 times using multiple imputation analyses by chained equations [34] . The number of imputations was determined based on the percentage of missing values. The results of the 40 analyses were pooled using Rubin's rule [35] . A sensitivity analysis was performed by including only women with a complete dataset for confounders (n = 653).
Results
Maternal Characteristics
Of 1152 enrolled women who conceived natural singleton pregnancies, 126 became pregnant again before 18 months postpartum. Thus, 1026 women were eligible for this study. Of these, 955 women had 24-h dietary recall data, but 11 women with a reported implausible total energy intake of <500 kcal/day (n = 3) or >3500 kcal/day (n = 8) were excluded, as in previous studies [19, 20] . We further excluded 20 women with missing data on early pregnancy weight. At 18 months, 237 women had withdrawn from the study or missed their 18-month visit. A final sample of 687 (67.0%) women was included in this study (Figure 1 ). Compared with excluded women (n = 339; 33%), those included were older (31.3 vs. 29.1 years) and more likely to be parous (64.2% vs. 51.0%) (Supplementary Materials  Table S2 ). Characteristics of women by PPWR status are presented in Table 1 . In comparison to women with non-substantial PPWR, those with substantial PPWR were younger (29.5 vs. 31.6 years), more likely to be ethnically Malay (36.4% vs. 22.9%) or Indian (24.5% vs. 16.6%), nulliparous (60.0% vs. 31.2%), had higher early pregnancy BMI (mean 24.8 vs. 23.4 kg/m 2 ), greater GWG (mean 0.52 vs. 0.46 kg/week), and were less likely to be diagnosed with GDM (5.5% vs. 21.5%).
Eating patterns and total energy intake of pregnant women by PPWR status are shown in Table 2 . In comparison to women with non-substantial PPWR, those with substantial PPWR had a lower HEI-SGP score (mean 49.4 vs. 53.6), reflecting a lower diet quality in pregnancy (62.7% vs. 47.5%). We did not observe significant differences in day-night eating, night fasting intervals, eating episodes, or total energy intake between women of substantial and non-substantial PPWR. Women with a lower diet quality were more likely to practice night eating (17.2% vs. 9.3%; p = 0.002), to have 1-3 eating episodes per day (40.2% vs. 22.4%; p < 0.001), and to have higher total energy intake (8078 vs. 7703 kJ/day; p = 0.037), compared to women with a higher diet quality. No association was observed between diet quality and night fasting intervals (p = 0.462). Characteristics of women by PPWR status are presented in Table 1 . In comparison to women with non-substantial PPWR, those with substantial PPWR were younger (29.5 vs. 31.6 years), more likely to be ethnically Malay (36.4% vs. 22.9%) or Indian (24.5% vs. 16.6%), nulliparous (60.0% vs. 31.2%), had higher early pregnancy BMI (mean 24.8 vs. 23.4 kg/m 2 ), greater GWG (mean 0.52 vs. 0.46 kg/week), and were less likely to be diagnosed with GDM (5.5% vs. 21.5%).
Eating patterns and total energy intake of pregnant women by PPWR status are shown in Table 2 . In comparison to women with non-substantial PPWR, those with substantial PPWR had a lower HEI-SGP score (mean 49.4 vs. 53.6), reflecting a lower diet quality in pregnancy (62.7% vs. 47.5%). We did not observe significant differences in day-night eating, night fasting intervals, eating episodes, or total energy intake between women of substantial and non-substantial PPWR. Women with a lower diet quality were more likely to practice night eating (17.2% vs. 9.3%; p = 0.002), to have 1-3 eating episodes per day (40.2% vs. 22.4%; p < 0.001), and to have higher total energy intake (8078 vs. 7703 kJ/day; p = 0.037), compared to women with a higher diet quality. No association was observed between diet quality and night fasting intervals (p = 0.462). 
Associations Between Maternal Eating Patterns and Substantial PPWR
As shown in Table 3 (Model 1), after baseline characteristics adjustment, night eating (OR 1.95; 95% CI 1.05, 3.62) and lower diet quality (1.91; 1.17, 3.10) were independently associated with higher odds of substantial PPWR. Similar findings were observed based on a complete-case analysis (Supplementary Materials Table S3 ). The further inclusion of bedtime (Model 2) attenuated the association between night eating and substantial PPWR (1.82; 0.96, 3.43). The associations remained stable and significant, even after additional adjustment for GDM (Model 3), GWG (Model 4), and mode of feeding (Model 5). Night fasting duration and the number of eating episodes consistently showed no associations with substantial PPWR across models.
The additive effects of day-night eating and diet quality are presented in Figure 2 . Women with both night eating and lower diet quality had >3-fold-higher odds of substantial PPWR ( 
Discussion
This prospective study examined how circadian eating patterns and diet quality during pregnancy were associated with substantial PPWR, as defined by ≥5 kg at 18 months postpartum among multiethnic Asian women in Singapore. We observed that night eating and lower diet quality in the late second trimester were independently associated with higher odds of substantial PPWR, after adjusting for total energy intake and sociodemographic and lifestyle factors. These findings suggest that besides diet quality, alignment of eating time with day-night cycles during pregnancy may contribute to weight outcomes postpartum.
Compared to examining individual foods or nutrients [36, 37] , studying diet quality provides a comprehensive picture of the overall dietary patterns which could account for interactions between individual dietary components. Our finding of an association between lower diet quality and substantial PPWR is consistent with a Norwegian cohort, showing that lower adherence to dietary guidelines in pregnancy is associated with increased weight retention at six months postpartum [14] . These data imply that practicing good diet quality through adherence to dietary guidelines may help not only to ensure an adequate nutrient supply for the mother and the fetus, but also to prevent undesirable PPWR.
This study provides new evidence showing that higher calorie intake at night may result in excess PPWR, as supported by review articles [7, 38] . Although night eating and lower diet quality were independently linked with weight gain, practicing night eating along with low diet quality demonstrated the greatest odds of substantial PPWR (OR 3.41). Meanwhile, a stronger likelihood of PPWR was observed when night eating was practiced together with higher diet quality (OR 2.70), whereas those practicing day eating with lower diet quality showed a weaker association with PPWR (OR 2.05). However, this finding needs replication and confirmation due to the modest number of women within the group of night eating with higher diet quality (n = 32). Nevertheless, it suggests that night eating may be potentially more detrimental than lower diet quality in contributing to substantial PPWR.
Although rodent models have shown that longer fasting time has favorable effects on metabolic health when aligned with sleep-wake cycles [39] , we observed no association between night fasting duration and substantial PPWR. Similar to the National Health and Nutrition Examination Survey, prolonged night fasting was not related to BMI despite being linked with reduced levels of diabetes biomarkers [10] . Although several epidemiological studies have shown an inverse relationship between eating episodes and body weight [10, 13] , we found no association between eating episodes and substantial PPWR. These inconsistent results and paucity of data in pregnant and postpartum women indicate more research is required to clarify the role of night fasting duration and eating episodes on weight management.
There are biologically plausible reasons for the association between night eating and substantial PPWR. High caloric intake at night may alter physiological hormonal secretions (e.g., leptin, ghrelin) and disturb peripheral circadian clocks in various organs (e.g., liver, stomach, adipose tissue), resulting in dysregulation of energy metabolism [40] . The consumption of more calories at night is closely linked with a later bedtime and is associated with overweight and obesity [9, 41] . In this study, night-time eaters had a later sleeping time than daytime eaters (2349 h vs. 2306 h, p < 0.001), and thus might be more exposed to artificial light at night, leading to delayed or suppressed nocturnal secretion of melatonin, which has been linked with obesity [42] . A reduced thermic effect of food in response to food consumed at night [43] may also contribute to a positive energy balance and weight gain.
Our study has a number of limitations. First, the present findings may not be applicable to other ethnicities and the general population because this study was restricted to Asian women in Singapore and included cohort study volunteers who maybe generally more health conscious. Moreover, differences in characteristics (i.e., age and parity) were noted between included and excluded women, which could raise selection bias and affect the generalizability of findings to a wider population. However, we controlled for these variables in the analysis. Second, dietary data were derived from a single-day 24-h recall, which would limit the ability to assess habitual intake. Although we previously validated the 24-h recall against a three-day food diary for eating patterns in a subsample of women [22, 23] , we recognized that using multiple dietary recalls or food diaries with newer technologies (e.g., food image recognition apps) across distinct periods of pregnancy would more accurately capture habitual intake while minimizing the respondents' burden [44] and will consider these in future studies. Third, we did not ascertain postpartum dietary intake, which could differ from the pregnancy period, although some studies have reported that eating habits in pregnancy were likely to be maintained and continued into the postpartum period [45, 46] . Finally, the observed relationships could be partly affected by unmeasured or residual confounders, such as light exposure.
Conclusions
In conclusion, maternal night eating and lower diet quality during pregnancy are associated with substantial PPWR at 18 months. The study suggests that in addition to nutritional quality and quantity of food, the circadian eating pattern may play a role in postpartum overweight and obesity development. There is a possibility that these eating patterns may persist beyond pregnancy and have implications for long-term obesity risk. Hence, further research, specifically larger-scale prospective observational and intervention studies with consideration of postpartum changes in diet and/or experimental studies to explore potential mechanistic pathways, are required. Aligning eating time with day-night cycles and adherence to dietary guidelines during pregnancy may help to alleviate obesity risk in postpartum life.
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